Hereditary leukonychia (also known as porcelain nails or white nails) is a genetic disorder. It may exist as an isolated feature or associated with other cutaneous or systemic disorders. Although a number of genes have been described to cause leukonychia, still the underlying genetic etiologies of many cases remain unknown. Here, we report a Pakistani family presenting leukonychia and koilonychia nails in mother and five of her kids. All the affected individuals had white to pale nails in appearance exhibiting complete and partial leukonychia, respectively. Similarly, nails of finger and toe appeared brittle and concave, showing the characteristics features of koilonychia. Whole exome sequencing and subsequent Sanger sequencing identified a pathogenic novel missense mutation (c.1390G>A, p.Glu464Lys) in PLCD1, co-segregating with the disorder in an autosomal dominant pattern. In silico prediction tools supported the pathogenicity of the identified mutation. Literature review determined that mutations in PLCD1 only cause leukonychia. Therefore, our findings add another pathogenic variant to the PLCD1 mutation pool causing leukonychia that would help to understand the underlying molecular mechanism.
Introduction
Leukonychia, or white opacity of nails, is a common disease in humans for decades with both acquired and hereditary conditions [1] [2] [3] [4] [5] . The acquired leukonychia is mainly related to the number of factors such as drugs, injury, infections, and the deficiency of calcium [2] [3] [4] [5] . Hereditary leukonychia may present as an isolated feature or associated with other integumentary or systematic abnormalities [5] [6] [7] [8] [9] [10] [11] . After the first description of leukonychia by Gutman, several other studies have been conducted to investigate the underlying molecular mechanism [12, 13] . Mutations in Gap junction alpha-1 (GJA1) and the Phospholipase C, delta-1 (PLCD1) genes were described to cause isolated leukonychia [5] [6] [7] [8] . Farooq et al. and Mir et al. found two different autosomal recessive mutations in PLCD1 with isolated leukonychia in Jordanian and Pakistani families, respectively [5, 8] . Kiuru et al. also reported PLCD1 mutations, segregating in autosomal recessive and autosomal dominant manners with isolated leukonychia in four Pakistani families. In addition, they determined the localization of PLCD1 in fetal nails and also detected its mRNA in foreskin, keratinocytes, and fibroblast, suggesting a vital role for PLCD1 [7] . Noteworthy, PLCD1 is the enzyme required for calcium (Ca 2+ ) signal transduction in a number of tissues and its importance in the manifestation of hereditary leukonychia has recently been investigated [14] [15] [16] [17] . Nomikos et al. determined significant divergent enzymatic activities for leukonychia-linked mutant PLCD1, validating that mutations in PLCD1 cause isolated leukonychia [17] .
Leukonychia in syndromic condition has also been reported in a number of studies [11, 18, 19] . A familial Bart-Pumphrey Syndrome-associated leukonychia was described, co-segregating with autosomal recessive missense mutation in Gap junction beta-2 (GJB2) gene [18] . Similarly, an autosomal dominant missense mutation in Desmoplakin (DSP) gene instigated leukonychia with Carvajal/Naxos syndrome [11] . Leukonychia was also accompanied with familial peeling skin syndrome, caused by autosomal recessive loss of function mutations in Calpastatin (CAST) gene [19] . To date, few cases of sporadic leukonychia with koilonychia, characterized by white, thin, and spoon-shaped nails have been reported [20] [21] [22] . However, the genetic mechanisms that lead to leukonychia with koilonychia remain unrevealed.
The current study was aimed to determine the genetic etiology of leukonychia and koilonychia in a Pakistani family. Whole exome sequencing (WES) data analysis narrowed-down the five potential candidates. Subsequent Sanger sequencing revealed an autosomal dominant variant PLCD1 (c.1390G>A, p.Glu464Lys ) co-segregated with leukonychia. Thus, our findings further validated that pathogenic mutation in PLCD1 causes leukonychia.
Materials and methods

Subjects
A Pakistani family comprised of parents (II-1 and II-2), their five sons (III-1, III-2, III-3, III-4, and III-5), and three daughters (III-6, III-7, and III-8) was recruited for this study. Written and informed consent form, approved by the Institutional Ethical Committee of University of Science and Technology of China (USTC), was obtained from all the affected and control family members.
DNA extraction
Peripheral blood samples were collected in ethylene diamine tetra acetic acid (EDTA) tubes from all the participants through 5 ml sterile syringes manufactured by Becton Dickinson (BD) suppliers, Pakistan, using standard protocol approved by World Health Organization (WHO) [23] . Genomic DNA was extracted from the collected blood samples of all the participants using FlexiGene DNA kit, according to the manufacturer's manual (QIAGEN, 51206) . The DNA concentration was tested through OD 260 (Thermo Fisher NanoDrop 1000 spectrophotometer) followed by agarose gel electrophoresis and ethidium bromide staining to evaluate the quality.
Whole exome sequencing and variants filtration
For exome capturing, Agilent SureSelect Human All Exon v5 Kit (Agilent, Santa Clara, CA, USA) was used. Captured libraries were constructed for family members, II-1, II-2, III-3, III-4, and III-5, as instructed by the manufacturer. Sequencing was carried out by Hiseq2000 platform (Illumina, San Diego, CA, USA). Clean reads were mapped to the human reference genome (hg19) by Burrows-Wheeler Alignment tool [24] . The variants were discovered and annotated by Genome Analysis Toolkit and ANNOVAR, respectively. A schematic representation of the filtering process is described in Supplementary Fig. 1 . First, variants that co-segregated with the disease in autosomal recessive, autosomal dominant, or X-linked dominant were kept for further analysis. Second, variants with minor allele frequencies (MAF) greater than 5% in 1000 Genomes Project (ftp://ftp.1000 genomes.ebi.ac.uk/vol1/ftp) were eliminated. Next, variants having mutations in untranslated regions or introns were also excluded. For remaining variants, we did literature survey. Subsequently, Sanger sequencing was performed to verify the selected variants in all the available family members (Table S1 , S2). Sequences of primers are listed in Table S3 .
In silico analysis
The conservation of affected amino acids in the present study and from previous reports was predicted using phylogenetic software MEGA6 version 6.0 (Fig. 2e , Table S5 ) [25] . For predicting the effect of the mutation identified in the study, on protein structure, the protein sequences of both wild-type (WT) and mutant PLCD1 (P51178) were input separately into SWISS-MODEL tool (https://swissmodel. expasy.org/). The blast resulted in seven models with different sequence identity for both WT and mutant proteins. The models with 90.6% sequence identity were considered for final results (Fig. 2f) . The functional pathogenicity of the mutation was assessed via 12 deleterious prediction tools in ANNOVAR (Table S4) .
Results
Clinical features
In this part of the study, we recruited a Pakistani family, displaying leukonychia and koilonychia nails from a remote region of Pakistan (Fig. 1a) . The family comprised of parents, five sons, and three daughters. The affected individuals (II-2, III-1, III-2, III-3, III-5, and III-7) of the twogeneration family presented leukonychia with koilonychia since birth (Fig. 1b) . The appearance of the finger nail plates was chalky and white, indicating leukonychia. However, toe nails had partial leukonychia with yellowish coloration in the distal parts of the nails. In addition, both finger and toe nails had concave or spoon-shaped appearance, a condition known as koilonychia. The surfaces of finger and toe nails appeared smooth and rough, respectively. No other abnormalities of the skin or its appendages were observed in the affected individuals.
Identification of autosomal dominant missense mutation (c.1390G>A, p.Glu464Lys) in PLCD1
To find the causative variant(s) underlying leukonychia in the subject family, we performed WES for father (II-1), mother (II-2), and three brothers (III-3, III-4, and III-5) (Fig. 1a) . Given that the phenotypes are present in two generations in the family, three possible inheritance fingers. Flattened plate with everted upward and concave edges are prominent, giving rise to the characteristic "spoon" shape. The nails are thin and entire whitening including lunula is observed. e. Mother (II-2) toe nails displayed incomplete leukonychia with yellowish coloration in the distal part of the plates of all nails. Chalky white coloration can also be observed in the few nails. f. Finger nails from the individual (III-5) exhibited thin and spoon-shaped. Nail plates are flattened while edges are everted upwards with complete leukonychia. g. Toe nails from individual III-5: thin, flattened, and yellowish discoloration of all the nails is observed. The field size of third and fourth toe nails are also reduced patterns: autosomal recessive, autosomal dominant, and Xlinked dominant were assumed. The causative mutations were identified by filtering the data according to (i) the frequency of the mutations (MAF < 0.05), (ii) mutations that are potentially protein damaging, and (iii) an extensive literature survey. The validation of filtered candidate variants (Table S1 ) was performed by Sanger sequencing. Consequently, the result revealed that only PLCD1 variant co-segregated with the disorder in an autosomal dominant pattern in the family (Fig. 2a, S2 , and Table S2 ).
The c.1390G>A caused the glutamic acid replacement with lysine at position 464 in PLCD1 protein, p.Glu464Lys (Fig. 2d) . The sequence alignment revealed that the affected amino acid is the component of highly conserved group of residues across the species, localizing in the XY linker of protein (Fig. 2e) . The XY linker of the protein (Fig. 2d) contains Ca 2+ -binding site, thus implying that this mutation could impair Ca 2+ -dependent enzymatic activity [26] . The consequence of mutation on protein structure was checked with SWISS-MODEL tool (https://swissmodel.expa sy.org/). Resultantly, an altered structure of the mutant protein was predicted (Fig. 2f) , displaying that the identified mutation caused structural pathogenicity. Further, 12 deleterious prediction software were checked, seven of which predicted lethality for the mutation (Table S4) . Altogether, these results elaborated that the PLCD1 mutation (c.1390G>A, p. Glu464Lys), segregating in an autosomal dominant manner, was pathogenic and strongly associated with nail disorder in the family. Interestingly, the previous studies determined only leukonychia with PLCD1 mutations [5, 7, 8] . 
Discussion
In the current study, we identified a novel missense mutation in PLCD1 resulting in leukonychia (Fig. 1) . Comprehensively, the six family members (II-2, III-1, III-2, III-3, III-5, and III-7) displayed leukonychia (white and pale appearance) with koilonychia (concave and everted edges) nails [20] . Our WES data analysis and Sanger sequencing identified a novel PLCD1 mutation (c.1390G>A, p. Glu464Lys) causing leukonychia. Remarkably, the PLCD1-associated leukonychia phenotype is consistent with the previous reports (Fig. S3, Table S5 ) [5, 7, 8] .
PLCD1 maps to the short arm of chromosome 3 (3p22.2), consists of 15 exons, and spans a genomic region of 22.265 kb on the minus strand [9] . The gene encodes two isoforms of 777 and 756 amino acids. To date, six pathogenic mutations have been described in PLCD1 gene causing leukonychia (Fig. S3, Table S5 ). These could broadly be categorized into pre-mature termination codon (PTC) and missense mutations. Our screening of the subject family added another novel variant (c.1390G>A, p. Glu464Lys) to the PLCD1 mutation pool (Fig. 2, S2) . Noteworthy, all the missense mutations including the one identified in this study, inherited in an autosomal dominant pattern. By contrast, all the previously reported PTC followed the autosomal recessive mode of inheritance. This happens occasionally that recessive and dominant mutations in the same gene produce similar phenotype [7] . It could possibly be explained by two phenomena: the first, for normal function, some genes and/or pathways require only one WT copy whereas, others require two copies as proposed by Smirnov and Cheung [27] . Kiuru et al. suggested the other possibility; the missense mutations may imply a dominant negative effect on the WT allele with complete loss of function [7] . Indeed, it would be interesting to investigate which one of these phenomena is related to the PLCD1 autosomal dominant mutations in leukonychia.
The PLCD1 belongs to the ubiquitous family of phospholipase C (PLC) enzymes. The protein contains an Nterminal pleckstrin homology (PH) domain, a pair of EF hand motifs, the X and Y catalytic domains, and a C2 domain at C-terminal. Both X and Y catalytic domains are linked by a Ca 2+ -binding site containing auto-inhibitory, flexible, and unstructured XY linker (Fig. 2) [26, 28, 29] . Recently, the leukonychia-linked PLCD1 mutations (p. Cys209Arg, p.Ala574Thr, and p.Ser740ArgfsX19) lying on different domains were assessed for the effect on the protein's biophysical and biochemical properties (Fig. S3 , Table S5 ). The p.Cys209Arg mutation, residing in EF hand1 motif resulted in slightly increased thermal stability of the enzyme. Contrastingly, the p.Ala574Thr mutant protein (mutation present in Y domain) demonstrated obvious upsurge of catalytic activity. Whereas, the p. Ser740ArgfsX19 mutation, which localized on C2 domain, caused deleterious effects on protein stability and activity [17] . Comparing with them, our identified mutation is located in XY linker (highly conserved region; Fig. 2e ), which gave rise to an acidic glutamate replacement with basic lysine residue (Fig. 2) . As predicted, this mutation caused structural changes (Fig. 2) ; thus, it would be fascinating to determine whether it indeed affects the Ca 2+ -dependent enzymatic activity of PLCD1. Although thePLCD1 expression has been shown in nail matrix, the mechanism that how the PLCD1 disruption causes leukonychia, is yet unknown. Notably, the familial autosomal dominant leukonychia was previously mapped on chromosome region: 12q13, by linkage analysis that contains genes for type II (basic) cytokeratins and hard keratins [30] . This suggests the requirement of PLCD1 for keratins expression; the disruption of which leads to leukonychia. The proposed hypothesis is further supported by Nakamura et al. who demonstrated the FOXN1 upstream regulation of PLCD1 [31] . Importantly, FOXN1 acts as a regulator for the hard keratin genes transcription and proved to be essential for nail differentiation [32, 33] . Kiuru et al. determined the expression of PLCD1 in follicle matrix and hair bed. Contrary to them, we, as well as previous PLCD1 studies did not find any hair abnormality in the affected individuals [7] . This may possibly be explained by its compensation with other members of phosphoinositidespecific phospholipase C family [7] .
Although several genes have been described to cause leukonychia, PLCD1 is the most extensively studied gene. All the previously reported PLCD1 mutations did not exhibit any other associated phenotype [5, 7, 8] . Interestingly, the family reported here, also presented koilonychia both in finger and toe nails along with leukonychia. A number of cases of leukonychia with koilonychia are described but the genetic cause has not been determined so far. Studies on multiple familial cases are required to understand the genetic etiology for the co-occurring of the aforementioned phenotypes. Moreover, the genes/loci for isolated koilonychia and the underlying molecular mechanism of leukonychia caused by PLCD1 mutations are yet unrevealed. Filling these gaps certainly would help to understand the association of leukonychia with koilonychia.
In summary, it is concluded that the novel mutation c.1390G>A, p.Glu464Lys in PLCD1 causes leukonychia, thus, further fortified the pathogenicity of PLCD1 mutations.
